+ T cells in the lungs. Disease phenotypes Löfgren's syndrome (LS) and "non-LS" differ in terms of clinical manifestations, genetic background, HLA association, and prognosis, but the underlying inflammatory mechanisms largely remain unknown. Bronchoalveolar lavage fluid cells from four HLA-DRB1*03 + LS and four HLA-DRB1*03
"non-LS" sarcoidosis constitutes a more heterogeneous patient group that is usually characterized by an insidious onset and disease progression, with substantial risk of developing chronic disease and pulmonary fibrosis. LS is associated with carriage of the HLA-DRB1*03 allele (3), which also strongly influences spontaneous disease resolution (4) . The presence of clonal T cell receptor (TCR)-restricted cells in HLA-DRB1*03 + patients further implicates specific antigen recognition in the lungs (5, 6) .
Detailed genetic profiling indicates that LS and non-LS share much fewer features than previously acknowledged (7) , and arguments have been made for LS to be considered a separate disease entity. However, understanding of pulmonary immune pathways underlying the observed clinical heterogeneity remains incomplete and, until recently, methodology for adequately addressing this question has been lacking.
In this study, we, therefore, subjected bronchoalveolar lavage fluid (BALF) cells from four HLA-DRB1*03
+ LS and four HLA-DRB1*03
− non-LS patients ( Table 1) , which are believed to represent two clinical opposites, to mass cytometry, utilizing a T cell panel of 33 unique markers. Unbiased data analysis was performed using two different clustering algorithms to identify differentially regulated cell populations. Specific attention was paid to the recently identified subpopulation preferentially expressing TCR variable segments Vα2.3 and Vβ22 in HLA-DRB1*03
+ LS patients (8) . With the aim of identifying novel cell populations and pathways that associate with disease resolution or progression, this study demonstrates the sensitivity of mass cytometry, its ability to detect significant differences between patient groups despite limited sample sizes, and the benefit of its application in complex diseases. Albeit in a small study population, we here present novel data on immunological markers that differentiate between sarcoidosis subtypes at the molecular level, and that can be targeted by future exploration in larger patient cohorts.
MaTerials anD MeThODs
study subjects, bronchoscopy, and bronchoalveolar lavage (bal)
Bronchoscopy with BAL was performed as previously described (9) . Eight newly diagnosed sarcoidosis patients (one female) with a median age of 43 years (Table 1) were included in the study. All patients were HLA-typed and diagnosed with sar coidosis according to criteria established by the World Association of Sarcoidosis and Other Granulomatous Disorders (WASOG) (10) . Specifically, these included typical clinical and radiographic manifestations, findings at bronchoscopy with BAL including an elevated CD4/ CD8 ratio and, if required, positive biopsies, as well as exclusion of other diagnoses. Four patients were diagnosed with LS, defined as an acute onset, chest radiographic findings of BHL alone (n = 2), or BHL with pulmonary infiltrates (n = 2), and erythema nodosum and/or bilateral ankle arthritis. Four patients presented with non-LS sarcoidosis, with insidious onset, fatigue, dry cough, and parenchymal changes. In addition, BALF cells from one healthy volunteer and peripheral blood mononuclear cells (PBMCs) from three healthy donors were used as staining controls. 
hla Typing
Genomic DNA was extracted from whole blood samples of patients and healthy volunteers. HLA-DRB1 and DRB3 alleles Cells were acquired at a rate of 300-500 cells/s using a CyTOF2 mass cytometer (Fluidigm), CyTOF software v.6.0.626 with noise reduction, a lower convolution threshold of 200, event length limits of 10-150 pushes, a sigma value of 3, and a flow rate of 0.045 ml/min.
antibodies and reagents
Purified antibodies were obtained in protein-free buffer and subsequently coupled to isotopically purified metals using MaxPar ® antibody conjugation kits (Fluidigm) (12) , as per the manufacturer's protocol. After determining protein concentration by measurement of absorbance at 280 nm, metal-labeled were subsequently determined by the PCR-sequence-specific primer technique (Olerup SSP-DR Low Resolution Kit, Saltsjö-baden, Sweden) as previously described (11 
Mass cytometry
Cryopreserved BALF cells obtained from eight sarcoidosis patients (LS, n = 4; non-LS, n = 4) were thawed in RPMI medium supplemented with fetal bovine serum (FBS), penicillin-streptomycin, and benzonase (Sigma-Aldrich, St. Louis, MO, USA). BALF cells from one healthy individual and PBMCs from three healthy donors were included as staining controls but not subjected to bioinformatic analysis. Briefly, for live-dead cell distinction, cells were stained with 2.5 µM Cisplatin (Fluidigm, South San Francisco, CA, USA) in RPMI without serum for 5 min at RT and quenched with RPMI containing FBS. An Agilent robotic platform was used for staining cells, as this offers more uniform staining and less variability among samples. Cells were then re-suspended in CyFACS buffer (PBS with 0.1% BSA, 0.05% sodium azide, and 2 mM EDTA) and counted; approximately 1-2 million live cells were used for staining in a 96-well round-bottom plate. Next, cells were incubated for 30 min at 4°C with a 30 µl cocktail of metal-conjugated antibodies targeting surface antigens in a T cell panel ( Table 2 ). Following wash with CyFACS buffer and overnight fixation using 1% formaldehyde made in PBS (Polysciences Inc., Warminster, PA, USA), cells were permeabilized using intracellular fixation and permeabilization buffer set (eBiosciences Inc., San Diego, CA, USA) according to the manufacturer's recommendations and stained with 30 µl of intracellular antibody cocktail (Ki-67) for 60 min at RT. Cells were washed and fixed in 1% formaldehyde at 4°C until acquisition. On the day of acquisition (within a week after staining), cells were stained with DNA intercalator (0.125 µM or MaxPar ® Intercalator-Ir; Fluidigm) in 1% formaldehyde made in PBS for 20 min at RT. After multiple washes with CyFACS, PBS, and MilliQ water, cells were filtered through a 35-µm nylon mesh and diluted to 500,000 cells/ml.
antibodies were diluted in Candor PBS Antibody Stabilization solution (Candor Bioscience, Wangen, Germany) for longterm storage at 4°C. Antibodies used in this study are listed in Table 2 
CD8
− T cells. Based on the collective expression of the remaining 28 T cellspe cific markers in the panel (Table 2) , the Citrus algorithm (13) was used to identify differently abundant T cell populations in LS and non-LS samples, and clusters were visualized by ACCENSE (14) . Citrus was run using the original R implementation (v. citrus_0.08) in R v.3.3.1 (2016-06-21) with a random down-sampling to 1,500 manually gated CD4
+ T-cells from each file. The following markers were used for cluster analysis: CD45, CD57, CCR6, CD5, CCR5, CD4, CD8a, CD31, ICOS, TCRαβ, CD3e, CCR4, Vα2.3, CXCR3, Vβ22, CD28, CD161, Ki-67, HLA-DR, CD44, CD127, CD27, CD38, CD45RA, CTLA-4, PD-1, CD39, and CXCR5. The collective expression across all markers was used to define cell populations. The "pamr" model was applied for calculating differential regulation, using a relaxed FDR-constrained model for exploratory purposes (FDR < 0.25). Cells from all samples were combined and subjected to hierarchical clustering. Descriptive features of identified clusters were calculated on a per-sample basis to train a regularized regression model predictive of the two patient groups. Classification models were constructed using the nearest shrunken centroid and lasso-regularized logistic regression methods, both of which build a series of predictive models using automatically selected informative subsets of supplied regressors. Internal cross-validation was used to evaluate model fit and select an appropriate threshold for the final model. Dimensionality reduction of unclustered data was performed using the t-stochastic neighborhood embedding (t-SNE) algorithm implemented in the Cytofkit library (15) (16) (17) , supplied by Bioconductor v.3.4 (18, 19) and run in RStudio v.1.0.44 (2016-11-01) (20) . The markers used for clustering were CD45, CD57, CCR6, CD5, CCR5, CD4, CD8a, CD31, ICOS, TCRαβ, CD3e, CCR4, Vα2.3, CXCR3, Vβ22, CD28, CD161, Ki-67, HLA-DR, CD44, CD127, CD27, CD38, CD45RA, CTLA-4, PD-1, CD39, CXCR5, CD19, and CD11c. A fixed number of 5,000 cells were sampled without replacement from each file and combined for analysis. Resulting t-SNE plots were subsequently filtered by marker expression and patient group to visualize differences between LS and non-LS.
Complementary analysis and validation of marker expression in BALF CD4 + T cells from LS and non-LS patients, respectively, as well as from a single healthy individual, were performed using FlowJo X (TreeStar) software, based on the above mentioned gating strategy [i. + T cell population, we identified 19 clusters of cells whose abundance differed significantly between LS and non-LS patients. Seven of these were more abundant in LS, while 12 primarily appeared in non-LS ( Figure 1A) . Hierarchical clustering showed these 19 populations to assemble in three distinct groups, where clusters in group 1 were dominated by cells from LS patients and defined by a significant reduction in adhesion molecule CD44 compared to background cells (i.e., all CD4 + T cells). In group 2, clusters were distinguished by effector cell phenotypes, and in the case of LS-dominated populations, expression of TCR variable chains Vα2.3 and/or Vβ22. The sole cluster in group 3 showed an elevation in CD57 expression and was significantly reduced in LS patients (Figures 1A,B) .
regulatory elements are More Pronounced in ls cD4
+ T cells
Most notably, the regulatory profile of CD4 + T cells was markedly enhanced in LS patients. Citrus analysis and sub sequent t-SNE visualization revealed the expression of immuneinhibitory receptors CTLA-4 and PD-1, as well as co-stimulator ICOS to be significantly elevated in LS CD4
+ T cells compared to background CD4 + T cells. Most prominently, a twofold to threefold increase in PD-1 expression was observed in LS patients compared to background, while such a shift was virtually absent in non-LS patients (Figures 2A,B) . Manual gating of cells using FlowJo revealed higher frequencies of CTLA-4 + (4.9%) and PD-1 + (35.7%) CD4 + T cells in BALF from a healthy individual compared to sarcoidosis patients of both phenotypes. Notably, however, CD4 + T cells from LS patients displayed higher median expression of both receptors (CTLA-4 + 1.8%, PD-1 + 27.8%) compared to non-LS cells (CTLA-4 + 1.4%, PD-1 + 14.6%), indicating an overall downregulation of these receptors in disease, but also that regulatory capacity is retained to a greater extent in LS lungs ( Figure 2C; Table 3 ).
non-ls cD4 + T cells consistently exhibit effector Profiles
In clusters more abundant in non-LS patients, HLA-DR, CD127, and CD39 were all significantly elevated compared to background CD4 + T cells, consistently displaying a twofold, or in some cases nearly threefold, increase ( Figure 3A) . In addition, two clusters (24961 and 24966) showed a significant increase in CD57 expression that was not detected in LS-dominated clusters ( Figure 3B ). adhesion Marker cD44 is reduced in ls compared to non-ls cD4 + T cells
Expression of the adhesion molecule CD44, believed to influence granuloma formation and persistence, was significantly reduced in LS CD4 + T cells with an expression onefold to twofold lower than background ( Figure 4A ). This reduction was consistent across all LS clusters but most prominent in group 1 cells (Figure 1A) . Conversely, non-LS cells showed a shift in CD44 expression of similar magnitude, but opposite direction ( Figure 4B) . The differentially regulated marker expressions that characterize LS and non-LS are summarized in Table 4 .
cells in ls are Functionally heterogeneous
By t-SNE visualization, a small cluster defined by high expression of TCR segment Vα2.3 was identified in LS patients ( Figure 5A ). Interestingly, this cluster concomitantly expressed chemokine receptors CXCR3, CCR4, and CCR6 (Figures 5B-D) , as well as high levels of activation marker HLA-DR (Figure 5E) , CD11c, associated with T cell differentiation and migratory potential (Figure 5F ), and CD31, involved in leukocyte adhesion and a marker of recent thymic emigrant cells ( Figure 5G) . Expression of regulatory markers, e.g., CTLA-4 ( Figure 5H) , varied with TCR expression. Citrus comparison of Vα2.3 + Vβ22 − ( Figure 5I ) and Vα2.3 + Vβ22 + ( Figure 5J ) clusters (24987 and 24983, respectively) revealed abundance of both populations to be significantly increased in LS compared to non-LS patients, but the distribution of receptors associated with cell activation and effector functions (CD127, CD28, CD161) and immune regulation (PD-1, CTLA-4, ICOS) molecules, respectively, to differ between the two Vα2.3 + clusters. Judging by the network tree presented in Figure 1A , these two clusters also appear to have arisen from different origins. Overlapping expression of cD8 and Ki-67 in both ls and non-ls
Previous studies and the established diagnostic criterion of an elevated BALF CD4/CD8 ratio have hitherto assumed CD4 + T cells to be the driving force of disease in sarcoidosis. In both patient groups, however, expression of Ki-67, representing actively proliferating cells, and CD8 coincided remarkably well (Figures 6A,B) , indicating an active role of CD8 + T cells in sarcoid inflammation. A significant increase in Ki-67 expression could also be observed for group 2 CD4
+ T cell clusters (Figure 1A) , i.e., those primarily exhibiting an effector profile, but much less pronounced than for CD8 + T cells.
DiscUssiOn
While marked differences in clinical presentation and outcome have long defined LS and non-LS, comprehensive genetic disparities were only recently demonstrated (7), and the immunological mechanisms driving these two forms of sarcoidosis are still incompletely understood. To address key characteristics of CD4 + T cells in LS and non-LS in an unbiased fashion, we subjected BALF cells from two genetically and clinically distinct patient groups to mass cytometry and cluster analysis, identifying cell populations of significantly different abundance in the two disease phenotypes. On the individual marker level, significant changes were most notably observed for inhibitory receptors CTLA-4 and PD-1, adhesion marker CD44, effector and activation markers HLA-DR, CD127 and CD39, as well as a range of markers associated with cells expressing TCR variable segments Vα2.3 and/or Vβ22. These findings connect immunological profiles to established clinical characteristics of disease, and the identified novel markers may allow for both prognostic evaluation and more precise differentiation between sarcoidosis subtypes. Despite sample size being limited by methodological requirements and patient availability, these statistically robust differences further argue for LS and non-LS to be considered as immunologically distinct conditions. Believed to influence tolerance induction and long-term tolerance maintenance, respectively, inhibitory receptors CTLA-4 and PD-1 act to constrain development of autoimmunity. Notably, anti-CTLA-4 and anti-PD-1 treatments have the potential to initiate or exacerbate sarcoid-like inflammation (21, 22) , reinforcing the notion of altered immune activation and possibly an autoimmune component in sarcoidosis. Broos et al. also previously found reduced CTLA-4 expression on sarcoidosis T cells compared to healthy individuals, suggestive of a shift in balance between immune activation and regulation that results in exacerbated T cell activity and, at length, chronic inflammation, and tissue damage (23) . In this study, a similar reduction in CTLA-4 and PD-1 expression could be observed in sarcoidosis compared to a healthy individual. Among sarcoidosis patients, however, expression of both receptors was primarily found in LS CD4 + T cells, indicating a higher degree of immune self-restriction compared to non-LS patients. In addition, ICOS expression was significantly increased in some, though not all, LS clusters compared to background CD4 + T cells. Elevated ICOS expression has previously been demonstrated in LS (24) and could associate with the higher IL-10 production seen in these patients (25, 26) . From a clinical perspective, LS patients in general and HLA-DRB1*03 + individuals in particular have a favorable prognosis, and in our opinion, it is reasonable to believe that superior regulatory capacity of CD4 + T cells in LS compared to non-LS influences the characteristic resolving disease course. Accordingly, it is interesting to speculate that stimulation of regulatory elements could have therapeutic potential in non-LS patients prior to progression to a chronic disease state.
In contrast, compared to background BALF CD4 + T cells from non-LS patients displayed an elevated expression of activation markers HLA-DR, CD127, and CD39 consistent across all clusters. Polymorphisms in the CD127 (IL-7R) gene are known risk factors for sarcoidosis development (27) , and the IL-7 receptor is crucial during T cell activation, homeostasis, and differentiation. Importantly, it is differentially expressed on effector and regulatory T cells (Tregs), with the latter being defined by low levels of this receptor. The lack of CD127 in LS-dominated clusters, combined with the expression of CTLA-4 and PD-1, suggests immune regulation to be maintained in LS CD4 + T cells, while the balance is shifted in favor of effector functions in non-LS CD4 + T cells. The role of CD39 in this context is less established, but CD39 + CD4 + T cells have been proposed as inducers of T cell proliferation and cytokine production (28) . Moreover, a recent study showed reduced suppressive function of CD39 + compared to CD39 − Tregs (29), implicating dysfunctional regulatory mechanisms particularly in the pathogenesis of non-LS. Notably, CD39
+ cells have also been found in sarcoid granulomas (30) .
While expression of CD57 is most commonly associated with NK cells, its presence has been documented in T cells with a more advanced differentiation state, reduced replicative capa city but retained cytokine production, particularly of IFNγ (31) (32) (33) , and possibly cytotoxic functions (34) . In the present study, two clusters, both of which more abundant in non-LS patients, demonstrated elevated CD57 expression compared to background CD4 + T cells. Higher IFNγ production in non-LS patients has been demonstrated previously (25, 26) , and could possibly be at least partly attributed to such terminally differentiated cells with cytotoxic potential.
The adhesion molecule CD44 has been detected on lymphocytes in granulomas of both Crohn's disease and pulmonary sarcoidosis, and suggested to affect their homing and activation, as well as macrophage differentiation (35) . Interestingly, in the present study, CD44 was consistently reduced in LS CD4 + T cell clusters compared to background, while the opposite was observed in non-LS clusters. As T cells are essential for maintenance of granulomatous structures, reduced adhesive capacity of T cells may well play a role in spontaneous resolution of granulomas, thereby influencing disease resolution in LS. Of note, any clinically relevant differences between LS and non-LS granulomas have yet to be investigated, but the prospect that alternate granulomatous development might ultimately affect disease outcome is worth considering. Recently, involvement of the mTORC1 pathway was proposed to promote disease progression in sarcoidosis (36) . Intriguingly, mTORC1 complexes can be inhibited by CD44 blockade (37) , suggesting a dual role for CD44 in granuloma persistence, acting both during cell-cell adhesion and signal transduction.
The recently noted clonality of Vα2. LS patients (25, 26) , could possibly be at least partly attributed to divergent TCRβ chain preferences. Expression of multiple chemokine receptors (CXCR3, CCR4, and CCR6) suggests that Vα2.3 + CD4 + T cells might follow different migratory patterns compared to Vα2.3 − CD4 + T cells, possibly allowing for more efficient interaction with other immune cells. The concurrent high expression of HLA-DR and CD31 might also signify their recent activation and ongoing homing to the site of antigen presentation. Activated, antigen-specific T cells expressing CD11c have been found to associate with both effector and regulatory profiles (39) (40) (41) , and in this study, we show that CD11c + Vα2.3 + cells can express either co-stimulatory or co-inhibitory molecules. Alternatively, this functional discrepancy may reflect a transitional state of activated T cells following antigen recognition, implying that multiple stages of differentiation occur throughout the disease process. A gradual shift toward a more regulatory profile may thus be an inherent characteristic of LS lung CD4 + T cells, ultimately contributing to a better prognosis.
In both patient groups, the near-complete overlap of Ki-67 and CD8 expression conceivably points to a more pronounced activation of CD8 + T cells in sarcoidosis than previously appreciated. It is intriguing to speculate that lack of regulatory capacity in non-LS CD4 + T cells may result in unrestrained proliferation and increased cytotoxic activity of CD8 + T cells, which could promote tissue damage and chronic inflammation. Despite the differences observed, the low sample number is an obvious limitation to the study, as is the inability to perform validation experiments in the same cohort. Mass cytometry is a powerful method for detecting robust differences in small sample sizes, thus making it suitable for unbiased discovery studies. However, the cell number requirement is higher than for flow cytometry, which is a restraint when using clinical samples, and due to sample vaporization, no additional sorting or functional characterization experiments can be performed on the same cells. Moreover, established techniques such as flow cytometry or western blot have lower sensitivity and are, therefore, not ideal means of validation of mass cytometry data. Nevertheless, the current study demonstrates a novel approach to the study of CD4 + T cells in the lung and lays a foundation for future studies, ideally comprising larger groups of patients. The deliberately high FDR threshold for Citrus analysis enables identification of subpopulations that can be further explored in more stringent and comprehensive studies. Of note, several differentially regulated clusters in this study are derived from the same "parent" cluster and, therefore, exhibit similarities in marker expression, thus strengthening the accuracy of identified differences at the individual marker level despite a higher FDR. Future analyses should also aim to expand the current T cell panel to include markers of interest when investigating tissue-resident T cells, such as CD69, or for detailed delineation of Tregs, e.g., CD73 and CD25. Targeting of additional cytokine receptors and a broad range of transcription factors could also contribute to a more comprehensive subclassification of T cells and their role in different disease phenotypes.
cOnclUsiOn
Together, these mass cytometry-based findings contribute new information on lung T cell differentiation and activation in two forms of sarcoidosis that may in time be considered as separate diseases. In LS, a stronger regulatory profile along with decreased adhesive capacity of CD4 + T cells, offer a stark contrast to the non-LS effector profile and a direct link to characteristic clinical symptoms. The demonstrated ability to detect significant differences at the molecular level, despite low sample numbers and limited availability of cells from the lungs, could be employed to further distinguish between clinical subtypes, e.g., based on presence of extra-pulmonary symptoms.
In conclusion, mass cytometry provides a powerful and sensitive means of understanding cellular mechanisms of disease that could prove especially valuable in heterogeneous conditions such as non-LS sarcoidosis, and markers that differentiate disease phenotypes could potentially be exploited for future therapeutic purposes in non-resolving disease.
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